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INTRODUCTION 


Twelve  specimens  were  tested  to  determine  the  local  bond  stress-slip  characteristics  of  a 
No.  6  rebar  embedded  in  concrete.  Radial  confining  stress  around  the  concrete  specimen  and 
radial  deformation  were  assumed  to  be  fundamental  variables,  together  with  bond  stress  and  slip, 
needed  to  properly  describe  the  interface  behavior. 

The  objectives  of  the  research  were  to; 

•  Establish  tiie  necessity  for  considering  radial  stress  and  radial  deformation 
in  the  study  of  bond  phenomena. 

•  Show  that  observed  bond  characteristics  are  sensitive  to  test  specimen 
configuration. 

•  Determine  configuration  independent  local  bond  stress-slip  relationships 
for  two  types  of  No.  6  bars  with  different  deformations. 


RESEARCH  SIGNIFICANCE 

In  many  reinforced  concrete  structures,  the  mode  of  failure  is  tensile  cracking  of  the 
concrete.  Where  it  is  important  to  predict  failure  or  severe  damage,  proper  representation  of 
bond  is  crucial. 

The  principal  gain  from  the  inclusion  of  actual  bond-slip  properties  in  the  interface  between 
steel  rebar  and  concrete  is  a  realistic  prediction  of  cracking.  The  spacing,  width,  and  extent  of 
cracks  in  reinforced  concrete  are  all  dependent  on  the  assumed  bond-slip  characteristics  (Ref  1). 
For  example,  if  perfect  bond  is  assumed  in  the  finite  element  analysis  of  a  cylindrical  concrete 
specimen  with  one  central  bar  in  tension,  the  cracks  will  erroneously  concentrate  at  the  edges 
(Ref  1).  On  the  other  hand,  perfect  bond  in  a  beam  in  four  point  bending  will  homogenize  the 
strain  field  and  diffu5e  the  numerical  crack  pattern  (Ref  2,  3,  and  4).  In  turn,  the  crack  pattern 
will  impact  the  internal  distribution  of  forces,  the  effective  stiffness  of  the  member,  its  ultimate 
strength  and  mode  of  failure  (Ref  1).  Shear  failures,  for  example,  often  originate  by  propagation 
of  existing  bending  cracks. 

Critical  Navy  reinforced  concrete  structures,  such  as  missile  test  cells  and  graving 
drydocks,  are  designed  to  withstand  large  deformations  under  severe  blast  and  strong-motion 
earth' _  -  t  e  loads.  The  development  of  design  criteria  for  these  structures  requires  the  evaluation 
of  their  response  in  the  nonlinear  range  where  severe  <lete’-'oration  of  the  steeLoik  re!''  liav  'tr.:. 
takes  p'oee.  /kccniulc  modeling  of  the  nonlinear  response  requires  a  knowledge  of  the  interface 
behavior  for  large  deformations. 
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Extant  studies  on  bond-slip  typically  ignore  the  effects  of  radial  stress  and  deformation. 
The  strong  dependency  of  bond-slip  on  those  two  radial  variables  implies  a  dep)endency  of 
previous  test  results  on  the  particular  specimen  configuration  used.  The  present  test  setup  aims 
at  providing  general  local  relationships  that  would  be  applicable  for  an}'  configuration. 


BOND  MECHANISM 

The  mechanism  of  bond  is  comprised  of  three  main  components:  chemical  adhesion, 
friction,  and  mechanical  interlock  between  bar  ribs  and  concrete.  Initially,  for  very  small  values 
of  bond  stress  of  up  to  200  psi  (Ref  5  and  6),  chemical  adhesion  is  the  main  resisting 
mechanism.  If  the  bond  stress  is  increased,  chemical  adhesion  is  destroyed  and  replaced  by  the 
wedging  action  of  the  ribs.  This  wedging  action  originates  crushing  in  front  of  the  ribs, 
secondary  internal  transverse  (or  radial)  cracks  (Figure  1)  (Ref  7  and  8),  and  eventually 
longitudinal  cracks.  Early  crushing  of  the  concrete  in  front  of  the  ribs  explains  the  non-linearity 
of  the  ascending  branch  (Figure  2).  Once  enough  crushing  has  occurred,  a  wedge  of  compacted 
powder  forms  in  front  of  the  rib,  with  a  low  angle  of  incidence  (around  30  to  40  degrees),  which 
then  produces  wedging,  inclined  transverse  cracks,  and  longitudinal  cracks. 

If  inadequate  confinement  is  provided,  bond  failure  would  occur  as  soon  as  the  cracks 
spread  through  the  concrete  cover  of  the  bar.  With  proper  confinement  the  bond  stress  reaches 
a  maximum  (around  f^/S  according  to  Reference  6)  before  decreasing  as  the  concrete  between 
ribs  fails  and  a  frictional  type  of  behavior  ensues  (Figure  2). 


ANALYTICAL  REPRESENTATION  OF  BOND 

In  finite  element  analysis  of  reinforced  concrete,  bond-slip  between  reinforcement  and 
concrete  has  been  modeled  using  interface  elements.  Interface  elements  typically  use  empirical, 
nonlinear  bond  stress-slip  relationships. 

The  simplest  interface  element  is  the  bond-link  element  (Ref  9,  10,  and  11).  This  is  a 
dimensionless  element  that  connects  two  nodes  with  identical  coordinates.  It  can  be  viewed  as 
consisting  of  two  orthogonal  springs  between  the  two  nodes.  More  complex  models  combine  the 
reinforcement  and  adjacent  concrete  into  a  finite  bond-zone  element  (Ref  12),  or  represent  the 
interface  with  a  dimensionless  contact  element  that  gives  a  continuous  connection  between  two 
adjacent  elements  (Ref  13  through  18).  Bond  models  of  the  embedded  type  also  have  been 
considered  (Ref  19  and  20). 

In  all  these  models,  the  radial  stiffness  of  the  interface  is  an  important  variable  and  was 
included  in  their  development.  However,  in  practical  examples,  large,  arbitrary  values  of  the 
radial  stiffness  have  been  prescribed  in  the  absence  of  experimental  data  (Ref  9  and  16). 
Alternatively,  bond  modeling  has  just  been  avoided  (Ref  15  and  21). 

With  respect  to  the  sensitivity  of  the  finite  element  model  to  the  longitudinal  bond  stress 
versus  slip  relationship  employed.  Reference  15  shows  variations  in  rebar  stresses  of  up  to  20 
ksi  (in  a  Grade  60  depending  on  which  of  four  different  empirical  relationships  was 
prescribed. 
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EXPERIMENTAL  BACKGROUND 


In  spite  of  its  importance,  only  a  limited  amount  of  research  has  included  radial  stress  or 
deformation  as  a  parameter  (Ref  22  through  29).  Typically,  a  specimen  configuration  is  chosen 
and  no  attempt  is  made  at  evaluating  the  normal  stiffness  of  the  reinforced  or  unreinforced 
concrete  surrounding  the  bar.  As  a  result  very  disparate  relationships  for  bond  stress  versus  slip 
have  been  obtained  (e.g.,  see  Ref  1  and  15),  with  variations  in  bond  stress  over  100  percent. 

The  main  studies  that  have  addressed  transverse  confinement  provide  insight  into  its  effects 
on  bond. 

Untrauer  and  Henry  (Ref  22)  pulled  No.  6  and  No.  9  Grade  60  bars  from  6-inch  cube 
specimens  subjected  to  lateral  pressure  on  two  opposite  faces.  The  normal  pressure  on  the 
specimens  was  increased  up  to  2370  psi.  They  observed  an  increase  in  bond  strength 
approximately  proportional  to  the  square  root  of  the  normal  pressure. 

Doerr  (Ref  23)  subjected  16  mm  (0.63  in.)  deformed  bars  embedded  in  a  3-inch  diameter 
cylindrical  concrete  specimen  to  tension.  The  spiecimen  was  subjected  to  confining  pressure  of 
up  to  15  N/mm-  (2175  psi).  It  was  found  that  the  bond  stresses  could  be  incremented  up  to  50 
percent.  Doerr  also  attributed  the  large  scatter  in  bond  stress  results  reported  in  the  literature 
to  the  various  dimensions  of  test  specimens  used. 

Robbins  and  Standish  (Ref  24)  pulled  8  and  12  mm  (0.31  and  0.47  in.)  bars  from  100  mm 
(4  in.)  cubes  laterally  loaded  on  two  opposite  faces.  The  pull-out  load  for  the  deformed  bars 
increased  more  than  100  percent  for  lateral  pressures  of  about  10  N/mm*  (1450  psi).  Additional 
application  of  lateral  pressure  up  to  28  N/mm-  (4060  psi)  did  not  increase  the  failure  loads. 

Eligehausen,  et  al.  (Ref  25)  tested  125  pull-out  specimens  consisting  of  a  Grade  60  bar 
with  a  short  length  (5  bar  diameters)  embedded  in  a  12-inch  by  7  dj,  by  15  d,,  reinforced  concrete 
specimen  (d^  being  the  bar  diameter).  A  unidirectional  confining  pressure  was  applied 
perpendicular  to  the  longitudinal  splitting  plane.  An  increase  in  the  confinement  from  0  to  1900 
psi  yielded  a  25  percent  increase  in  maximum  bond  resistance.  However,  the  confinement 
provided  by  the  transverse  steel  across  the  crack  plane  was  not  evaluated. 

Navaratnarajah  and  Speare  (Ref  26)  report  an  increase  in  bond  performance  with  increasing 
lateral  pressure  up  to  a  bmiting  value  of  the  lateral  pressure. 

Gambarova,  et  al.  (Ref  27)  pulled  18  mm  (0.70  in.)  bars  embedded  in  a  cracked  concrete 
specimen.  External  confinement  perpendicular  to  (he  longitudinal  cracking  plane  allowed  control 
of  the  longitudinal  crack  opening,  which  was  kept  constant  during  each  test.  It  was  observed  that 
bond  increases  with  increasing  confinement,  i.e.,  with  decreasing  crack  opening,  by  up  to  40 
percent. 

Giuriani,  et  al.  (Ref  29)  consider  confinement  exerted  not  only  by  lateral  external  loads  but 
also  by  transverse  reinforcement  and  by  residual  tensile  stresses  across  the  concrete  cracks. 
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BOND-SLIP  VARIABLES 


It  is  hypothesized  that  together  with  bond  stress  and  longitudinal  slip,  radial  confinement 
stress  and  radial  deformation  are  the  main  variables  defining  bond  behavior.  This  is  apparent 
in  the  following  observations  from  experimental  bond  tests. 

•  If  confinement  is  not  provided,  the  bond  stress  vanishes  as  soon  as  the 
longitudinal  crack  develops  through  the  cover. 

•  The  concrete  cover  itself  provides  confinement  through  tensile  hoop  stresses 
prior  to  cracking. 

•  The  ultimate  resistance  at  large  slips  is  of  the  Coulomb  friction  type 
(see  Figure  2). 

•  Bond  stress  is  higher  when  bars  are  pushed  instead  of  pulled.  This  is 
due  to  Poisson’s  effect;  A  bar  in  compression  will  expand  radially,  and 
increase  the  normal  radial  stress,  thus  increasing  the  bond  stress.  Vice 
versa,  a  bar  in  tension  will  shrink  and  offer  less  resistance  to  pull-out. 

•  The  discrepancy,  in  bond  stress-slip  relationships  appearing  in  the  literature 
would  be  explained  by  the  variations  in  the  test  specimens  which  provide 
varying  degrees  of  confinement,  and  were  not  accounted  for  in  deriving 
the  relationships. 

•  Effects  of  concrete  cover,  bar  spacing,  bar  position,  end  distance,  and  tie 
confinement  could  be  predicted  via  the  available  confinement. 

These  observations  motivated  the  design  of  a  new  testing  device  and  specimen  that  allow 
for  the  control  and  measurement  of  the  four  variables  identified. 


STEEI^CONCRETE  INTERFACE 

Although  most  analytical  representations  of  bond  tend  to  model  the  steel  to  concrete 
interface  as  a  two  dimensional  surface,  the  bond  transfer  mechanism  actually  occurs  in  a  finite 
zone  surrounding  the  rebar  (Ref  8  and  12).  From  an  experimental  point  of  view,  this  means  a 
process  zone  surrounding  the  rebar  has  to  be  defined,  and  the  slip  measured  will  actually  include 
the  deformation  of  this  zone.  If  the  analytical  model  of  the  interface  has  zero  thickness,  its 
characteristics  will  have  to  be  derived  indirectly  by  reproducing  the  measured  bond-slip  at  the 
specified  distance  from  the  bar. 
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TEST  SPECIMEN 


The  process  zone  chosen  for  this  investigation  is  shown  in  Figure  3.  It  consists  of  a  3-inch 
diameter,  4-inch  long  concrete  cylinder  surrounding  a  steel  rebar,  t  he  cylinder  diameter  was 
the  smallest  practical  size  for  use  with  pea  gravel  (Table  1).  In  an  attempt  to  obtain  local 
characteristics,  only  five  lugs  were  in  contact  with  the  concrete.  Contact  was  prevented  in  the 
rest  of  the  specimen  by  inserting  silicone  rubber  spacers  around  the  bars.  The  spacers  allowed 
inclined  radial  cracks  forming  at  each  rib  to  propagate  to  the  outer  concrete  surface.  The  outer 
concrete  surface  was  surrounded  by  a  threaded  steel  pipe  that  carried  the  shear  stresses.  Figure 
4  shows  the  steel  pipe,  the  steel  bar  with  the  test  zone  delimited  by  the  spacers,  and  the  wood 
form  that  was  inserted  inside  the  pipe  and  held  the  bar  in  position  during  casting.  Most  of  the 
steel  pipe  was  split  longitudinally  into  eight  strips  in  order  to  prevent  any  confinement  from  the 
pipe  itself.  The  strips’  thicknesses  were  further  reduced  to  increase  their  flexibility.  Figure  5 
shows  the  assembled  arrangement.  The  wood  form  was  removed  before  testing. 


TEST  SETUP 

The  specimen  was  installed  in  a  MTS  servo-controlled  hydraulic  testing  machine  used  in 
displacement  control.  The  bar  end  was  threaded  and  held  fixed.  On  the  other  end,  the  inside 
of  the  pipe  was  threaded  and  bolted  to  the  piston.  The  pipe  was  cut  into  eight  strips  as  shown 
in  Figures  4  and  5.  These  strips  were  very  flexible  and  do  not  provide  any  confinement  of  their 
own.  This  was  verified  experimentally  by  pulling  laterally  on  the  strip’s  end  and  measuring 
force  and  displacement.  The  lateral  stiffness  was  determined  to  be  9  Ib/in.  During  the  tests  the 
maximum  radial  displacement  obtained  was  in  the  order  of  0.02  inch,  resulting  in  an  equivalent 
confining  pressure  due  to  the  strips  of  less  than  0.12  psi. 

Confining  pressure  was  applied  through  a  thin  (0.062  inch)  ring  surrounding  the  pipe 
(Figure  5).  A  hydraulic  jack  with  an  adjustable  relief  valve  closed  the  ring  with  a  constant  force 
during  the  test.  The  general  setup  is  shown  in  Figure  6. 


INSTRUMENTATION 

One  Linear  Variable  Differential  Transformer  (LVDT)  measured  the  slip  between  the  rebar 
(1/4  inch  away  from  the  concrete  face)  and  the  outer  concrete  surface.  Another  LVDT  measured 
the  opening  of  the  confining  ring.  This  was  later  translated  into  a  radial  deformation.  The  MTS 
load  ceil  provided  pull-out  load  measurements  from  which  bond  stresses  were  calculated.  A 
pressure  gage  was  used  to  set  the  confining  pressure,  which  remained  constant  for  each  test. 
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PROCEDURE 


Confining  Pressure 

For  Tests  PO.  PI,  and  1  through  5,  once  the  specinicn  was  installed  in  the  loading  frame, 
a  confining  pressure  was  set  and  maintained  throughout  the  test.  After  longitudinal  cracking,  the 
confining  pressure  on  the  outer  surface  of  the  split  pipe  transfers  directly  to  the  bar  surface.  The 
post-cracking  confining  pressure  at  the  surface  of  the  bar  was  set  at  500,  1500,  2500,  3500,  and 
4500  psi.  The  equivalent  confining  pressures  on  the  outer  surface  of  the  3-inch  diameter 
concrete  cylinder  are  125,  375,  625,  875,  and  1 125  psi  o^er  a  five-lug  length  (or  82,  246,  410, 
574  and  738  psi  over  the  4-inch  length). 

For  Tests  6  through  10,  cracking  was  obtained  for  a  500  psi  bar  level  confining  pressure. 
In  the  post  cracking  range  the  same  bar  ievel  pressures  of  500  to  4500  psi  were  applied  to 
Specimens  6  through  10  respectively. 

Pull-Out  Load 

All  tests  were  carried  out  in  displacement  control  to  obtain  the  unloading  branches  of  the 
responses.  The  displacement  rate  was  approximately  0.015  in./mn  for  the  first  loading,  after 
which  it  was  increased  to  about  0.075  in./mn. 

For  the  preliminary  tests  (PO  and  PI),  the  specimens  w^ere  loaded  monotonically  to  failure. 
If  was  observed  f.^^at  the  longitudinal  splitting  crack  formation  was  accompar  ied  with  a  temporary 
;*cep  decrease  in  bond  (Test  PI).  The  cracking  loads  are  also  dependent  on  the  amount  of 
concrete  surrounding  the  bar. 

In  order  to  obtain  d'-ta  independent  from  the  amount  of  concrete,  it  was  decided  to  unload 
the  specimens  just  after  the  splitting  crack  formation,  then  reload  them.  Hence,  for  Tests  1 
through  .j,  each  specime’^  was  loaded  monotonically  until  longitudinal  cracks  formed,  then 
completely  unloaded,  tl^n  reloaded  until  the  slip  reached  approximately  12  mm  (i/2  in.). 


EXTERNALLY  APPLIED  CONFINEMENT 


In  the  previous  section  the  confining  pressures  at  the  bar  surface  for  longitudinally  cracked 
'..ere  reported  as  500,  1500,  2500,  3500,  ^nd  4500  psi.  For  uncracked  concrete  these  values  are 
actually  different.  For  a  thick,  uncracked  concrete  cylinder  of  unit  length  with  a  solid  steel  core 
(Figure  7a),  the  concrete  stresses  are  given  by  (neglecting  tangential  bond  stresses): 
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which  at  r  =  Tj.  becomes: 
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At  r  =  r^.,  the  internal  radius  of  the  concrete  cylinder  increases  by; 


Ar^  =  r3(o,  -  a^)/E^ 


(5) 


hPs 


E,(rc-r^) 


r,(l  -  -  p,)  -2r, 


(6) 


The  steel  core  under  piessure  reduces  its  radius  by: 


Ar^  =  r^p^d -P3)/E3 


(7) 


From  Equations  6  and  7: 


Ar. 


-At 


S 


which  yields: 

Pc/Ps 


This  equation  holds  only  for  the  linear  range  of  the  concrete  in  compression  and  in  the 
abser’ce  of  splitting  cracks. 

For  the  special  case  whei  both  materials  are  the  same,  Equation  8  reduces  to; 

Pc/Ps  =  1 

independently  of  r^/r^.  This  is  a  case  of  isotropic  cornj,  cssion  on  a  homogeneous  cylinder. 

For  the  case  where  E^  =  4, (XX)  ksi,  =  2S>,000  ksi,  /x^  =  0.2,  =  0.3,  r.  =  1.5  inch, 

and  r,  =  0.375,  Equation  8  yields: 

P,  =  149p^ 


(1 

r. 


Es 


1  -  - 
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/j 


(8) 


(10) 


These  equations  were  derived  for  a  specimen  of  unit  thickness.  For  the  actual  tests,  the 
embedded  bar  lei.^^h  was  five-lug  spacings  (2.625  inches  if  a  maximum  spacing  of  0.525  inch 
is  assumed)  whereas  the  concrete  cylinder  length  was  ^  inches  yielding: 

=  1.49(4/2.625)p^^  =  2.27  (11) 


where  the  subscript  t  refers  to  test  values. 


However,  if  the  concrete  is  longitudinally  cracked  and  no  stresses  are  transferred  across 
the  cracks  (Figure  7b),  then  for  a  unit  thickness  specimen: 


Ps  =  Pc^c/^'s 


=  4p^ 


(12) 


and  for  the  present  tests 


Pst  =  6  1  Pc 


(13) 


During  tests  where  longitudinal  splitting  has  not  occurred,  Equation  1 1  indicates  the 
confiiung  pressure  at  the  bar  level  p^,  due  to  the  externally  applied  pressure.  During  the 
reloading  cycle,  after  crackmg  has  occurred,  Equation  13  holds.  In  all  figures  it  was  decided 
tc  shew  the  "nominal"  values  of  p„  for  cracked  state  (500,  1500,  2500,  3500,  and  4500  psi) 
from  Fxjuation  13. 


PRECRACKING  CONCRETE  CONFINEMENT 


Prior  to  cr.icking,  the  concrete  specimen  itself  provides  some  confinement  via  tensile  hoop 
stres.ses.  The  confining  stress  due  to  the  concrete  cylinder  just  before  cracking  (in  the  absence 
of  external  forces  and  for  unit  thickness)  can  be  evalu  *ed  from  Equation  3  by  setting  a,  =  f,  and 
p,  =  0,  yielding: 


Ps 


tl4) 


For  Test  PO  (no  external  confinement)  and  a  five-lug  embedded  lenrth 

p^  =  1061  psi  (15) 


The  magnitude  of  the  confining  stress  due  to  the  concrete  cylinder  is  within  the  range  of 
tlie  externally  applied  confining  stresses. 

Total  confinement  prior  to  cracking  is  therefore  variable,  and  is  a  combination  of  the 
concrete  cylinder  confinement  and  the  externally  applied  one.  After  cracking,  the  total  confining 
‘T-ess  is  constant  and  only  liquation  13  is  needed  to  obtain  it.  This  explains  the  emphasis  of  the 
present  study  on  the  post-cracking  behavior. 
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TEST  SERIES 


Three  test  series  were  carried  out.  The  first  series  (preliminary  Tests  PO  and  PI)  were 
carried  out  to  verify  the  setup.  No  confining  pressure  was  applied  for  Test  PO. 

For  the  first  and  second  test  series  (Tests  PO,  PI  and  1  through  5),  bars  with  inclined  ribs 
that  formed  a  68  degree  angle  with  the  longitudinal  axis  were  used.  For  a  No.  6  bar,  the 
maximum  rib  spacing  was  13.3  mm  (0.525  inch).  The  measured  rib  spacing  was  12.2  mm 
(0.481  inch),  and  the  clear  distance  between  ribs  was  9.2  mm  (0.36  inch). 

For  the  third  test  series  (Tests  6  thf^ough  10),  bars  with  normal  ribs  at  an  angle  of  90 
degrees  with  the  bar  axis  were  used.  The  measured  rib  spacing  was  12.8  mm  (0.504  inch),  and 
the  clear  distance  between  them  was  10.2  mm  (0.40  inch). 

In  all  cases,  Grade  60,  No.  6  bars  satisfying  ASTM  A615-89  were  used.  The  same 
concrete  mix  was  used  in  all  cases  (Table  1).  Concrete  properties  for  each  series  of  tests  are 
indicated  in  Table  2.  Compressive  strength  and  tensile  splitting  strength  at  28  days  were 
obtained  from  three  cylinders  each.  The  concrete  cylinders  were  3  inches  in  diameter  and  6 
inches  tall. 


RESULTS 
Tests  PO  and  PI 

The  first  preliminary  test,  PO,  was  carried  out  with  no  confinement  to  provide  a  baseline 
bond-slip  relation  for  the  effect  of  confinement.  Test  PI  was  run  with  1000  psi  confinement 
stress  at  the  bar  surface  level  to  show  the  effect  of  confinement.  Both  tests  are  detailed  in  Figure 
8  (expanded  ascending  branch)  and  Figure  9  (complete  test  results). 

For  Test  PO,  Figure  9  shows  a  dashed  segment  that  is  only  meant  to  indicate  the  beginning 
and  end  of  the  sudden  splitting  crack  propagation.  For  Test  PI,  Figure  9  shows  the  sudden 
decrease  in  bond  stress  at  the  formation  of  the  longitudinal  splitting  crack. 

Tests  1  Through  5 

Figure  10  shows  bond-slip  prior  to  and  up  to  longitudinal  cracking.  When  cracking 
occurred,  0.1  to  0.2  mm  slips  took  place  at  almost  constant  load.  The  specimens  were  then 
unloaded  and  reloaded.  Upon  unloading,  residual  slips  of  0.18,  0.10,  0.20,  0.26,  and  0.17  mm 
were  measured,  for  Tests  1  through  5  respectively.  Figure  1 1  shows  the  post-cracking  reloading 
bond-slip  behavior. 

Figures  12  and  13  show  the  bond  stress  versus  slip  reloading  relationship  after  longitudinal 
cracking  had  taken  place  on  two  different  scales.  Figure  14  indicates  the  radial  displacement  at 
the  outer  surface  of  the  3-inch  concrete  cylinder. 

Figure  15  shows  a  typical  specimen  failure  (Test  4).  Both  longitudinal  and  inclined 
transverse  (radial)  cracks  can  be  seen.  Crushed  concrete  is  present  in  between  the  ribs.  As  the 
confining  pressure  was  increased,  the  radial  cracks  became  more  prominent  a^  shown  by 
Specimen  5  on  Figure  16. 


9 


Tests  6  Through  10 


Test  6  was  successfully  completed  at  a  constant  confining  load  during  pre-  and  post¬ 
cracking.  For  Test  7  (confining  pressure  ICKX)  psi)  the  radial  cracking  became  so  severe  that 
slippage  began  to  take  place  between  the  concrete  specimen  and  the  outer  split  pipe.  The  failed 
specimen  is  shown  in  figure  17.  Results  from  this  specimen  were  discarded  and  it  was  decided 
to  pre-crack  the  remaining  specimens  at  the  lowest  confining  pressure  (5(X)  psi).  As  a 
consequence  no  results  were  obtained  for  the  pre-cracking  bond-slip  relationships  as  a  function 
of  confining  stress.  When  the  pre-cracking  cycle  was  completed,  residual  slips  of  0.054,  0.057, 
0.064,  and  0.100  mm  were  observed  for  Tests  6,  8,  9,  and  10  respectively. 

The  initial  post-cracking  relationships  for  various  confinement  pressures  are  detailed  in 
Figure  18.  Figure  19  shows  the  complete  post-cracking  bond  stress  versus  slip  relationship. 

Figure  20  indicates  the  radial  displacement  at  the  outer  surface  of  the  3-inch  concrete 
cylinder.  Figure  21  shows  the  crack  patterns  for  this  series  and  Figure  22  shows  a  typical 
specimen  in  this  series  (Test  9). 


DISCUSSION 
Preliminary  Tests 

Test  PO  verifies  that  (1)  without  confinement,  bond  is  totally  lost  very  early  on,  and  (2) 
the  eight  strips  in  which  the  pipe  is  split  provide  almost  negligible  confinement,  as  indicated  in 
Figure  9. 

Pre-cracking  Loading 

For  Tests  3,  4,  and  5  (Figure  10)  the  curves  are  very  similar.  Tests  1  and  2  are  close  to 
each  other  but  differ  from  the  others  in  their  initial  stiffness.  For  Tests  PO  and  PI  (Figure  8) 
the  tv.o  curves  fall  within  the  scatter  of  Tests  3,  4,  and  5. 

With  respect  to  the  cracking  load,  there  appears  to  be  a  trend  of  higher  cracking  loads  for 
higher  confinement,  although  there  is  also  considerable  scatter. 

The  scatter  in  the  loading  curves  and  their  little  initial  differentiation  for  various  confining 
pressures  may  be  attributed  to  the  following. 

•  At  the  beginning  of  the  pull-out  tests  a  major  contribution  to  the  behavior 
is  due  to  adhesion  which. is  independent  of  confining  pressure. 

•  At  the  beginning  of  the  pull-out  tests  the  confining  pressures  on  the  bars’ 
surfaces  are  actually  smaller  than  the  "nominal”  values  since  they  follow 
Equation  10  rather  than  Equation  1 1. 

•  Eiccentricity  or  misalignment  of  the  rebar  could  affect  the  slip  readings 
by  the  bar  bending  close  to  the  concrete  face. 
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•  Specimens  for  Tests  1  and  2  were  slightly  oversized  (3.15-  and  3.1-inch 
diameter  instead  of  3-inch  diameter)  and  did  not  fit  perfectly  in  the 
confining  ring. 

For  Tests  6  through  10  pre-cracking  curves  were  obtained  for  a  single  confining  pressure 
and  are  not  reported. 

Post-cracking  Initial  Loading 

For  Specimens  1  through  5  the  post-cracking  reloading  curves  (Figures  10  and  1 1)  are  very 
similar  to  the  pre-crackmg  loading  ones.  Similar  observations  are  appropriate,  except  that  in  the 
present  stage  adhesion  has  been  overcome. 

Complete  Post-cracking  Relationships 

Figures  12,  13,  and  19  clearly  indicate  the  effect  of  confinement  on  bond  stress  versus  slip. 
The  maximum  bond  stress  attained  increases  almost  linearly  with  confining  pressure.  For  Test 
10,  the  maximum  bond  stress  is  almost  three  times  that  for  Test  6.  The  bond  stress  then 
decreases  until  the  slip  is  approximately  equal  to  the  clear  rib  spacing  (9.2  mm  or  0.36  inch  for 
this  rebar).  At  this  point  the  concrete  between  ribs  was  crushed  and  a  Coulomb  type  friction 
ensued,  with  a  bond  stress  proportional  to  normal  stress  and  independent  of  slip. 

At  high  confinement  (Test  5)  the  post-peak  decay  was  faster  than  expected.  This  is 
attributed  to  the  faster  degradation  produced  by  high  confinement  and  high  strain  energy  density. 
This  seems  to  indicate  the  existence  of  a  limiting  value  of  the  confining  stress  beyond  which 
bond  behavior  is  not  improved.  This  is  consistent  with  previous  observations  (Ref  24  and  26). 

For  Tests  6  through  10,  Figure  19  shows  a  very  similar  behavior,  including  a  faster  decay 
at  high  confinement.  For  these  bars,  the  clear  rib  spacing  was  10.2  mm  (0.40  inch).  It  should 
be  noticed  that  although  the  concrete  strength  is  lower  (5570  instead  of  5830  psi  for  Tests  1 
through  5),  the  bond  stress  is  higher,  indicating  better  bond  characteristics  for  normal  ribs  (at 
90  degrees  with  the  bar  axis). 

Radial  Deformation 

Figures  14  and  20  show  the  radial  displacement  of  the  outer  concrete  specimen  fiber  for 
Tests  1  through  5  and  6  through  10,  respectively.  It  is  observed  that  the  radial  deformation 
decreases  as  confinement  stress  increases.  For  Test  1  it  is  suspected  that  radial  displacement  was 
slightly  inhibited  by  the  specimens’  oversize.  The  specimens  expand  laterally  after  cracking, 
reach  a  fairly  constant  maximum  expansion,  then  start  contracting  as  the  interface  between  rebar 
and  concrete  deteriorates. 

Transverse  (Radial)  Versus  Longitudinal  Cracks 

Both  types  of  cracking  are  always  present,  as  seen  in  Figures  15,  16,  17,  21,  and  22.  For 
Tests  I  through  5,  the  longitudinal  crack  rapidly  became  the  most  important  yielding  to  the  bond 
failure.  At  higher  loads,  however,  the  radial  cracks  were  getting  more  and  more  pronounced. 
For  Test  7,  radial  cracks  overcame  the  longitudinal  ones  and  started  bond  failure. 
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For  this  type  of  rebar  with  normal  ribs  (at  90  degrees  with  the  rebar  axis)  the  process  zone 
appears  to  be  in  excess  of  the  specimens’  size.  The  cracking  bond  stress  appears  to  be  higher 
and  better  bond  characteristics  are  apparent.  These  bars  also  showed  more  crushed  concrete 
gathering  at  the  front  of  the  ribs. 


CONCLUSIONS 

Twelve  specimens  consisting  of  a  No.  6  rebar  embedded  in  a  3-inch  diameter  concrete 
cylinder  were  tested  under  controlled  confinement.  From  the  experimental  observations  on  bond- 
slip  behavior,  it  was  concluded  that: 


1.  Consistent  bond  stress  versus  slip  relationships  for  a  short  embedded  length  can  be 
obtained  for  various  degrees  of  confining  pressure. 

2.  In  the  precracking  range,  influence  of  confinement  stress  is  suspected  but  could  not 
be  properly  established  with  the  present  tests.  The  scatter  in  the  results,  particularly  in  the  early 
stages  of  loading,  are  attributed  to:  the  important  role  of  adhesion  (prior  to  cracking),  reduced 
radial  confining  stress  on  the  bar  surface,  possible  eccentricity  or  misalignment  of  the  bar,  and 
small  variation  in  the  specimen  size. 

3.  In  the  post-cracking  range,  confinement  stress  was  clearly  influential.  Bond  stress 
increased  proportionally  to  the  applied  confining  stress,  indicating  the  necessity  of  considering 
radial  stress  on  the  bar  as  a  modeling  parameter.  The  maximum  bond  stress  could  be  increased 
by  almost  200  jjercent  by  increasing  the  confinement  stress  from  500  to  4500  psi  at  the  bar  level. 
The  effect  of  confinement  on  bond  behavior  appeared  less  pronounced  for  the  highest  confining 
stress. 

4.  In  the  post-cracking  range,  radial  deformation  measured  on  the  outer  concrete  surface 
showed  an  increase  up  to  a  limit  value  dependent  on  the  confinement  level. 

5.  Bars  with  normal  ribs  (at  90  degrees  with  the  longitudinal  axis)  exhibited  better  bond 
characteristics  than  bars  with  inclined  ribs.  Bars  with  normal  ribs  also  produced  more  severe 
radial  cracking  and  generated  a  wider  process  zone. 

6.  Increased  radial  pressure  generated  more  severe  radial  cracking. 

CURRENT  AND  FUTURE  WORK 

Current  analytical  and  numerical  modeling  work  at  the  University  of  California,  Davis  (Ref 
30),  indicates  that  the  experimental  bond  stress-slip  relationships  obtained  can  be  used  to 
accurately  model  previous  tests  with  very  different  specimen  configurations,  such  as  the  ones 
reported  in  References  25  and  27. 

Additional  tests  with  preformed  cracks  would  avoid  the  need  for  the  pre-cracking  cycle. 
Further  experimental  work  is  also  needed  to  determine  strain  rate  effects  and  cyclic  behavior. 
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Table  1.  Concrete  Mix 


Ingredient 

Amounts 

(lb/yd3) 

Cement 

658 

Water 

367 

Sand 

1760 

Gravel,  3/8-inch 

910 

Table  2.  Concrete  Properties 


Test 

Compressive 

Strength 

(psi) 

Tensile 

Strength 

(psi) 

0 

6410 

723 

1-5 

5830 

715 

6-10 

5570 

680 
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Figure  1. 

Bond  stress  transfer  by  wedging  action. 
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Figure  2. 

Typical  bond  stress-slip  relationship. 
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Figure  5. 

Testing  apparatus  and  confining  ring. 
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Figure  7. 

Externally  applied  confinement. 
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Figure  8. 

Preliminary  tests;  Bond-.slip  prior  to  cracking. 
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Figure  9. 

Preliminary  tests:  Complete  tests. 
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Figure  10. 

Te.sts  1  through  5:  Bond-slip  prior  to  cracking. 
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Figure  1 1. 

Tests  1  through  5:  Initial  post-cracking  bond-slip. 
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Figure  12. 

Tests  1  through  5:  Post-cracking  bond-slip  relationships. 
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Figure  13. 

Tests  1  through  5:  Complete  bond-slip  relationships. 
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Figure  14. 

Tests  1  through  5:  Radial  displacement  histories. 
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Figure  17. 

View  of  Specimen  7  after  failure. 
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Figure  19. 

Tests  6  through  10;  Post-cracking  bond-slip  relationships. 
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Figure  20. 

Te.sts  6  through  10:  Radial  displacement  histories. 
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FigUK  ^  . 

Crack  patterns  in  Tests  6  through  1 0. 


Figure  22. 

View  of  Specimen  9  after  failure. 
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